OBJECTIVES: Autophagy is a highly regulated process that has an important role in the control of a wide range of cellular functions, such as organelle recycling, nutrient availability and tissue differentiation. A recent study has shown an increased autophagic activity in the adipose tissue of obese subjects, and a role for autophagy in obesity-associated insulin resistance was proposed. Body mass reduction is the most efficient approach to tackle insulin resistance in over-weight subjects; however, the impact of weight loss in adipose tissue autophagy is unknown. SUBJECTS: Adipose tissue autophagy was evaluated in mice and humans. RESULTS: First, a mouse model of diet-induced obesity and diabetes was maintained on a 15-day, 40% caloric restriction. At baseline, markers of autophagy were increased in obese mice as compared with lean controls. Upon caloric restriction, autophagy increased in the lean mice, whereas it decreased in the obese mice. The reintroduction of ad libitum feeding was sufficient to rapidly reduce autophagy in the lean mice and increase autophagy in the obese mice. In the second part of the study, autophagy was evaluated in the subcutaneous adipose tissue of nine obese-non-diabetic and six obese-diabetic subjects undergoing bariatric surgery for body mass reduction. Specimens were collected during the surgery and approximately 1 year later. Markers of systemic inflammation, such as tumor necrosis factor-1a, interleukin (IL)-6 and IL-1b were evaluated. As in the mouse model, human obesity was associated with increased autophagy, and body mass reduction led to an attenuation of autophagy in the adipose tissue. CONCLUSION: Obesity and caloric overfeeding are associated with the defective regulation of autophagy in the adipose tissue. The studies in obese-diabetic subjects undergoing improved metabolic control following calorie restriction suggest that autophagy and inflammation are regulated independently.
INTRODUCTION
Increased body adiposity is tightly linked to the development of insulin resistance and is the main independent risk factor for type 2 diabetes mellitus. 1 The progressive increase of fat deposition in the adipose tissue, and eventually in extra-adipose tissue sites, such as the liver, can lead to the activation of an inflammatory response, which, ultimately, is the main mechanism connecting obesity to insulin resistance. 2 However, how inflammation is actually triggered in obesity is still a matter of investigation. Nutrient-induced endoplasmic reticulum stress is certainly an early and important event in the course of the activation of obesityassociated inflammation. [3] [4] [5] During the unfolded protein response, inflammatory serine/threonine kinases can be activated to target elements of the insulin signaling pathway, resulting in defective insulin signal transduction. 6 Recent studies have provided further advance in the field by demonstrating that anomalous regulation of macroautophagy (herein referred as autophagy) can, also, lead to the activation of intracellular inflammatory signaling and, thus, modulate the insulin signal transduction pathway. 7 Autophagy is a biological process that is highly conserved during evolution, through which organelles and other components of the cell are compartmentalized within a double-membrane vesicle, the autophagosome, and undergoing degradation by lysosomal enzymes. 8 Originally, autophagy served as a life-preserving process, providing nutrients from the cell's own components. 9 In single-cell organisms, this is indeed the main outcome of autophagy. However, as organismal complexity grew, the functions and consequences of autophagy expanded. 9 It is currently accepted that, in multi-cellular organisms, besides its important role in providing nutrients during starvation, autophagy regulates a number of other processes, such as protein synthesis and endoplasmic reticulum activity, 10 inflammation, 11 cell cycling 12 and apoptosis. 13 A recent study has shown that autophagy is increased in the adipose tissue of obese patients. 14 The quantitative evaluation of markers of autophagy significantly correlated with the degree of adiposity, visceral fat distribution and mean adipocyte size.
14 In addition, it was suggested that autophagy is related to the degree of insulin resistance, but each one, autophagy and insulin resistance, develop as independent outcomes of obesity. 14 From yeast to mammals, caloric restriction is capable of inducing the activation of the autophagic machinery. 15, 16 However, as autophagy in the adipose tissue is already abnormally increased in obese subjects during the fed state, how adipose tissue autophagy would be regulated under caloric restriction remains unknown. To determine this, we evaluated adipose tissue autophagy in mice on 40% caloric restriction and in obese humans undergoing bariatric surgery, which is known to produce a negative energy balance. As markers of autophagy, we evaluated beclin, mTOR (mammalian target of rapamycin), p62 and the presence of autophagosomes. In addition, we evaluated markers of endoplasmic reticulum stress, such as PERK (type I transmembrane endoplasmic reticulum resident protein), XBP1 (X-box binding protein-1), GPR78 (glucose-regulated protein-78) and CHOP (CCAAT/enhancer-binding protein homologous protein). Our results show that there is an anomalous regulation of autophagy in the adipose tissue in obesity.
SUBJECTS AND METHODS

Human studies
All the patients (n ¼ 15, female ¼ 10) were selected for Roux-en-Y gastric bypass (RYGB), based on the National Institutes of Health Consensus Statement criteria for bariatric surgery. 17 The criteria for selection of patients were; exclusion: infectious or inflammatory disease, use of antiinflammatory or psychotropic drugs and history of addiction or substance abuse; inclusion: women and men between 18 and 60 years of age who met the above-mentioned criteria for surgery. Clinical evaluation and determination of anthropometric, metabolic and inflammatory parameters were performed at baseline and approximately 12 months after surgery. Lean controls were selected among volunteers recruited at the University. For the patients, a fragment of the abdominal wall subcutaneous adipose tissue was obtained at baseline, during the surgery and approximately 1 year later through a biopsy. The lean controls were submitted to an abdominal wall subcutaneous adipose tissue biopsy on the same occasion when anthropometric data and blood samples were obtained. The study was approved by the University of Campinas Ethics Committee and all the patients and controls signed an informed consent form.
Mouse model
Male Swiss mice were included in the study at 4 weeks of age. Initially, mice were randomly selected for ad libitum feeding on chow or a high-fat diet (HFD) ( Table 1 ) for 8 weeks. In some experiments, lean mice were fasted for 1-24 h (experiments in Figure 1a) . In order to achieve the correct period of fasting, mice were initially fasted overnight and at 0800 hours chow was reintroduced and left for 6 h. Subsequently, chow was withdrawn and mice were used in the experiments after the planned fasting period. In the second set of experiments, lean mice were maintained on 40% caloric restriction for 3 or 15 days, which was calculated after the evaluation of the means of caloric consumption in the 5 days preceding the beginning of the restriction period (experiments in Figure 1b ). In the third set of experiments, lean (chow) and obese (HFD) mice were maintained on 40% caloric restriction for 15 days, which was always performed maintaining the mice on their original diets (experiments in Figures 2a-d, Figures 3a-i and Figures 4a-b) . Finally, in some experiments, lean and obese mice maintained on 40% caloric restriction for 15 days were returned to ad libitum feeding on their original diets (experiments in Figures 5a-g ). The use of experimental animals in this study was approved by the University of Campinas Ethics Committee.
Determination of blood biochemistry and levels of cytokines and hormones Fasting blood samples were collected at baseline and after 1 year, and serum levels of interleukin-6 (IL-6), IL-1b, tumor necrosis factor-a (TNF-a) (Cayman Chemical, Ann Arbor, MI, USA), adiponectin, leptin and insulin (Phoenix Pharmaceuticals, Burlingame, CA, USA) were measured, according to the protocols suggested by the manufacturers. Blood biochemistry was evaluated by standard automated methods.
Tissue extraction and immunoblotting
Adipose tissue samples obtained from the patients or from the epididymal fat of mice were immediately homogenized in solubilization buffer at 4 1C (1% Triton X-100, 100 mM Tris-HCl (pH 7.4), 100 mM sodium pyrophosphate, 100 mM sodium fluoride, 10 mM EDTA, 10 mM sodium orthovanadate, 2.0 mM PMSF (phenylmethanesulfonylfluoride) and 0.1 mg aprotinin per ml) with a Polytron PTA 20 S generator (model PT 10/35; Brinkmann Instruments, Westbury, NY, USA). Insoluble material was removed by centrifugation for 20 min at 9000 g in a 70.Ti rotor (Beckman, Fullerton, CA, USA) at 4 1C. The protein concentration of the supernatants was determined by the Bradford dye-binding method. Aliquots of the resulting supernatants containing 0.2 mg of protein extracts were separated by SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis), transferred to nitrocellulose membranes and blotted with anti-phospho(Thr 981)PERK (rabbit polyclonal, sc-32577), anti-CHOP (mouse monoclonal, sc-7351) or anti-GRP78 (rabbit polyclonal, sc-13968) antibodies from Santa Cruz Biotechnology (Santa Cruz, CA, USA); anti-phospho(Thr183/Tyr185) JNK (c-Jun N-terminal kinase; mouse monoclonal, 
Transmission electron microscopy
Fragments of the adipose tissue obtained from the human subcutaneous tissue biopsies or mice epididymal fat were dissected and maintained overnight at 4 1C in fixative containing 2.5% glutaraldehyde in cacodilate buffer 0.1 M (pH 7.2). The specimens were then trimmed, dehydrated and embedded in Durcupan (Fluka-Sigma-Aldrich, Seelze, Germany). Ultrathin sections were collected on formvar-coated copper grids, counterstained with uranyl acetate and lead citrate and examined under a Tecnai G2 Spirit Twin transmission electron microscope (FEI, Hillsboro, OR, USA). Images were acquired using a Gatan Orius SC1000B camera (Pleasanton, CA, USA).
Autophagosomes were detected as suggested elsewhere 18 and counted in 1.0 Â 1.0 mm fields.
Data presentation and statistical analysis
Specific bands in immunoblots were scanned and submitted to quantitative analysis using the Scion Image software (Scion Corp., Frederick, MD, USA). Representative bands obtained from each experiment are shown alongside with the quantitative results. In some experiments, we used a ratio of the results obtained after calorie restriction and before calorie restriction, in murine studies, or, after surgery and before surgery, in human studies. By using this approach, the actual change in the expression of important markers is more clearly depicted; the value of 1 meaning no change; values o1 meaning reduction; and, values 41 meaning increase after intervention. All these parameters and the PCR, transmission electron microscopy, biochemical, hormonal and inflammatory markers obtained from the animals and patients were analyzed by the Student's t-test or ANOVA, as appropriate. Figure 3 . Effect of caloric restriction (CR) on the expression of autophagy and endoplasmic reticulum stress markers in the visceral adipose tissue of mice. In (a-i), mice were fed either chow or high-fat diet (HFD) ad libitum for 8 weeks beginning at age 4 weeks; at age 12 weeks, mice of both the groups were randomly selected for maintaining on the same diet ad libitum or on the same diet with 40% CR for another 2 weeks. The expressions of CHOP (a, b) and phospho-JNK (a, c) were determined in visceral adipose tissue by immunoblot, and the ratios between the relative expressions of CHOP and phospho-JNK after and before CR (AR/BR) were calculated (d). The expressions of beclin (e, f ), phosphomTOR (e, g) and p62 (e, h) were determined in visceral adipose tissue by immunoblot, and the ratios between the relative expressions of beclin, phospho-mTOR and p62 after and before CR (AR/BR) were calculated (i). In all the experiments, n ¼ 6. In (b, c) and (f-h), *Po0.05 vs chow and 
RESULTS
Long-, but not short-term caloric restriction activates autophagy markers in the adipose tissue of lean mice In order to define the optimal period of caloric restriction that activates autophagy in the adipose tissue, lean mice were fasted for up to 24 h (Figure 1a) or maintained on 40% caloric restriction for 3 or 15 days (Figure 1b) ; the expression of beclin was then determined by immunoblot. No significant change in adipose tissue beclin expression was observed during 24 h of fasting (Figure 1a ). However, 3 or 15 days of caloric restriction resulted in an increased expression of beclin ( Figure 1b) . As 15 days of caloric restriction resulted in a more pronounced increase in beclin expression, we defined 15 days as the period to be used in the remaining experiments with mice.
Improved metabolic parameters in caloric-restricted mice Swiss mice fed on HFD presented increased body mass (Figure 2a ) and increased fasting blood glucose levels (Figure 2b) . Moreover, glucose handling was severely impaired, as determined by a glucose tolerance test (Figure 2c ) and by an insulin tolerance test (Figure 2d ). Mean caloric intake was increased in the HFD group (0.58 ± 0.09 vs 0.79 ± 0.07 kCal g À 1 day
, Po0.05, for control and HFD, respectively). Fifteen days of 40% caloric restriction resulted in a reduction in body mass (Figure 2a) , fasting blood glucose levels ( Figure 2b) and area under the glucose curve during an intraperitoneal glucose tolerance test (Figure 2c ). In addition, caloric restriction led to an increased glucose decay constant (Kitt) during an insulin tolerance test (Figure 2d ).
Partial correction of the expression of markers of endoplasmic reticulum stress and inflammation in the adipose tissue of caloricrestricted mice Obesity and insulin resistance resulted in the increased expression of markers of endoplasmic reticulum stress (CHOP) and inflammation (phospho-JNK) in the adipose tissue of mice (Figures 3a-c) . Fifteen days of caloric restriction was sufficient to produce a return of CHOP (Figures 3a and b) and phospho-JNK (Figures 3a and c) expression to levels similar to those in lean mice. However, as compared with the ad libitum-fed obese mice, this approach was not sufficient to significantly reduce the levels of either protein, as evaluated by the ratio between the level of respective protein after and before caloric restriction (Figure 3d ).
Abnormal regulation of markers of autophagy in the adipose tissue of obese mice In lean mice, 15 days of caloric restriction resulted in the altered expression of three distinct markers of autophagy, beclin, phospho-mTOR and p62 (Figures 3e-h) . In obese mice fed Figure 5 . Effect of caloric re-feeding on the expression of autophagy proteins in the visceral adipose tissue of mice. Mice were fed on either chow or high-fat diet (HFD) ad libitum for 8 weeks beginning at age 4 weeks; at age 12 weeks, mice from both the groups were transferred to a 40% caloric restriction (CR) regimen on the same diet, for another 2 weeks; at age 14 weeks, mice from both the groups were randomly selected for maintaining on CR or were returned to consumption of the same diet (RF) for another 10 days. (a) Fasting glucose, (b) the area under glucose curve during an intraperitoneal glucose tolerance test and (c) the constant of glucose decay (Kitt) during an insulin tolerance test were determined at the end of the experimental period. The expressions of (d, e) beclin and (d, f ) p62 were determined in visceral adipose tissue by immunoblot, and (g) the ratios between the relative expressions of beclin and p62 after and before reintroduction of ad libitum diet (ARF/BRF) were calculated. In all the experiments, n ¼ 6. In (a-c) and (e-f ), *Po0.05 vs chow/CR and y Po0.05 vs HFD/CR. In (g), *Po0.05 vs respective chow. In (d), membranes were stripped and re-blotted with b-actin to evaluate protein loading. Blots are representative of all experiments. Bar graphs represent means ± s.es.
ad libitum, the expression levels of beclin and p62 were significantly higher, whereas phospho-mTOR was lower than in lean mice fed ad libitum (Figures 3e-h ). However, in obese mice on caloric restriction, the expressions of beclin and p62 were significantly decreased, as compared with the ad libitum-fed obese mice (Figures 3e-h ). It is noteworthy that while in lean mice, caloric restriction resulted in an up to 2.5-fold increase in the expression levels of beclin and p62 (Figure 3i ), in obese mice, caloric restriction led to an up to 50% reduction in the levels of the same proteins (Figure 3i ). These results were further confirmed by transmission electron microscopy, which showed reduced presence of autophagosomes in the adipose tissue of calorierestricted obese mice, as compared with calorie-restricted lean mice (Figures 4a-b) .
Caloric re-feeding reactivates autophagy in the adipose tissue of obese mice In order to evaluate the real impact of diet on the regulation of markers of autophagy in mice, both lean and obese mice were maintained on a 15-day 40% caloric restriction, and then returned to ad libitum feeding on their original diets for 10 days. In the obese mice, the return to ad libitum feeding resulted in increased fasting blood glucose levels (Figure 5a ), increased area under the glucose curve during an intraperitoneal glucose tolerance test (Figure 5b ) and reduced constant of glucose decay during an insulin tolerance test (Figure 5c ). In parallel with the changes in metabolic control, re-feeding led to the increase in the expression of beclin and p62 in the adipose tissue of obese mice (Figures  5d-g ). Conversely, in the lean mice, re-feeding resulted in the reduction of the expression of either beclin or p62 (Figures 5d-g ). Again, it is noteworthy that, whereras an up to 80% reduction in the expression of markers of autophagy was observed in re-fed lean mice (Figure 5g ), in the obese mice re-feeding produced an up to 2.5-fold increase in the same proteins (Figure 5g ).
Changes in metabolic control and markers of inflammation following body mass reduction in humans Body mass reduction obtained following RYGB was accompanied by an improved metabolic control in both non-diabetic and diabetic obese subjects, as determined by the reduction in body mass index and blood insulin and leptin levels ( Table 2 ). In the subset of obese-diabetic patients, there was also a significant reduction in fasting glucose and glycated hemoglobin levels ( Table 2 ). In addition, body mass reduction resulted in the significant drop of blood levels of TNF-a and IL-1b in the nondiabetic but not in the diabetic obese subjects (Table 2) .
Reduction in the expression of markers of endoplasmic reticulum stress in the non-diabetic, but not in the diabetic obese, subjects following body mass reduction The protein expressions of three markers of endoplasmic reticulum stress, phospho-PERK, spliced-XBP1 and the chaperone, GRP78, were increased in the adipose tissue of both non-diabetic and diabetic obese subjects before RYGB, as compared with lean controls (Figures 6a-d) . Following body mass reduction, significant decrease in the expressions of phospho-PERK, spliced-XBP1 and GRP78 were detected in the non-diabetic obese patients (Figures  6a-d) . Conversely, in the diabetic obese patients, the reduction in body mass was not accompanied by a significant reduction in the expression of markers of endoplasmic reticulum stress (Figures  6a-d) . Thus, when comparing the ratio of the expression of phospho-PERK, spliced-XBP1 and GRP78 after and before body mass reduction, between non-diabetic and diabetic patients, a significant difference was always found (Figures 6e-g ).
Body mass reduction is accompanied by a reduction in markers of autophagy in obese subjects The expression of beclin was significantly increased in the adipose tissue of both non-diabetic and diabetic obese subjects before RYGB, as compared with lean controls (Figures 7a-c) . Following body mass reduction, a significant drop in the expression of beclin was detected in both the obese groups (Figures 7a-c) . The presence of autophagy in the adipose tissue of obese patients before surgery could be further confirmed by transmission electron microscopy that allowed the identification (Figure 7d ) and quantification (Figure 7e ) of autophagosomes, which were virtually absent in the adipose tissue of patients after body mass reduction.
DISCUSSION
Recently, a defect in autophagic activity was identified in the liver of an experimental model of insulin resistance, and the correction of autophagy by genetic means was sufficient to restore the hepatic responsiveness to insulin, providing a causal link between defective autophagy and obesity-associated insulin resistance. 7 In addition, autophagy was shown to be abnormally increased in the adipose tissue of obese subjects and a correlation between autophagy, adiposity and adipocyte hypertrophy was established.
14 Remarkably, while a reduction of autophagy in the liver was related to insulin resistance, 7 the opposite occurred in the adipose tissue, 14 raising questions as to whether autophagy is anomalously regulated in the adipose tissue of obese subjects. The present study was designed to evaluate markers of autophagy in the adipose tissue during body mass reduction in humans and mice and to test the hypothesis that autophagy is defectively regulated in the hypertrophic adipose tissue. Upon high-fat feeding, Swiss mice, which are related to the diabetes prone AKR, 19, 20 became obese and diabetic and the adipose tissue expression of markers of endoplasmic reticulum stress and autophagy were increased. Although glucose metabolism defect in this animal model is comparatively milder than in the diabetic patients used in the study, the results obtained were mostly concordant between murine model and humans. In lean mice, caloric deprivation resulted in a significant increase in the expression of markers of autophagy. Conversely, in the obese mice, caloric restriction reduced autophagy and this was related to the lack of nutrients as re-feeding rapidly increased autophagy markers again. Although the regulation of autophagy has not been previously studied in the adipose tissue of animal models of obesity, we expected, from the human studies, 14, 21 that it should be increased, which, in fact, it was. Some animal studies have shown that the genetic disruption of autophagy in the adipose tissue leads to a lean phenotype and protects against diet-induced obesity and insulin resistance. 22, 23 In addition, it was shown that autophagy is important for adipose tissue differentiation, 24 that suggests that the increased activation of adipose tissue autophagy in obesity may be required for the expansion and growth of adipocytes. In fact, our results provide further support for this fact as the markers of autophagy were consistently regulated in concert with adiposity and nutrient availability but not in parallel to changes in insulin sensitivity.
Similarly to our findings in mice and to the previously published human studies, 14, 21 our obese patients presented increased expression of markers of autophagy in the adipose tissue.
In addition, in keeping with the findings in mice, body mass reduction resulted in the reduction of markers of autophagy in the adipose tissue of the patients.
Recent studies suggesting that defective regulation of autophagy could be one of the mechanisms linking caloric overload to insulin resistance 7, 25 prompted us to evaluate markers of inflammation, endoplasmic reticulum stress and autophagy in obese non-diabetic in parallel with obese diabetic subjects. The reduction of adiposity was, as expected, very effective in promoting a reduction in the blood levels of insulin and leptin, which was accompanied, in the diabetes group, by reductions in fasting glucose and glycated hemoglobin levels. In the obese patients' group, two important markers of systemic inflammation, TNF-a and IL-1b, underwent significant reductions after body mass reduction; however, in the diabetes patients' group, the changes in the blood levels of the cytokines were not significant. These results reinforce the findings of former studies showing that, while in obese non-diabetic patients the reduction in adiposity results in the rapid normalization of the levels of systemic markers of inflammation, in obese diabetic subjects this rectification is not the rule. [26] [27] [28] [29] Interestingly, in a similar manner, the markers of endoplasmic reticulum stress were completely corrected after body mass reduction in the obese non-diabetic patients, whereas in the diabetic patients there was only a tendency towards reduction.
With regard to autophagy, both diabetic and non-diabetic obese subjects presented normalization of the expression of its markers after body mass reduction. Thus, similarly to the mice studies, in humans, while markers of inflammation and endoplasmic reticulum stress always change in similar directions, markers of autophagy are more related to adipose tissue mass and caloric load. Only one previous study has evaluated the expression of Figure 6 . Regulation of markers of endoplasmic reticulum stress during body mass reduction in subcutaneous adipose tissue of humans. The protein expressions of (a, b) phospho-PERK, (a, c) spliced XBP1 and (a, d) GRP78 were determined by immunoblot in the subcutaneous adipose tissue of obese non-diabetic (OB) and obese-diabetic (DM) patients and in lean controls (CT); adipose tissue specimens were collected right before (BS) a Roux-in-Y gastric bypass surgery, and approximately 1 year later (AS). The ratios between the relative expressions of (e) phospho-PERK, (f ) spliced XBP1 and (g) GRP78 after and before surgery (AS/BS) were calculated. Specimens were collected from nine OB, six DM and eight CT. In (b-d), *Po0.05 vs OB/BS and y Po0.05 vs DM/BS. In (e-g), *Po0.05 vs OB. In (a), membranes were stripped and re-blotted with b-actin to evaluate protein loading. Bar graphs represent means±s.es. markers of endoplasmic reticulum stress in obese patients following bariatric surgery. 30 As in our group of obese nondiabetic patients, body mass reduction resulted in the attenuation of endoplasmic reticulum stress. 30 No previous study evaluated changes in autophagy during body mass reduction.
According to studies in single-cell organisms, it is believed that autophagy has evolved as a mechanism for providing nutrients obtained from the cell's own organelles during periods of starvation. 9 In multi-cellular organisms, this important function is preserved and autophagy is highly stimulated during nutrient deprivation. 16 However, in the adipose tissue of overfed humans and experimental animals, this rule is apparently challenged. 14 It is important to comment that our human studies evaluated subcutaneous and not visceral fat. It is well known that most of the adipose tissue inflammatory activity in obesity occurs in the visceral fat. 31 It may happen that regulation of autophagy markers occurs differently in visceral fat, as compared with subcutaneous; however, as in the mice studies we used visceral fat, we believe this possibility is somewhat weakened. Nevertheless, further studies studying the regulation of autophagy in visceral adipose tissue of humans will add important information to the field.
In conclusion, the main finding of the present study is the demonstration that obesity and caloric overfeeding can lead to the defective regulation of autophagy in the adipose tissue. In addition, the parallel evaluation of endoplasmic reticulum stress and autophagy in diabetic and non-diabetic obese subjects suggest that, at least in the adipose tissue, these functions may be regulated independently, which provides support for the findings of Kovsan et al.
14 Finally, our data suggest that, in the adipose tissue, endoplasmic reticulum stress is more related to inflammation than autophagy. 
